Nitrate reductase (NR) activity and nitrite reductase (NiR) mRNA levels were monitored in Black Mexican Sweet maize (Zea mays L.) suspension cultures after the addition of nitrate. Maximal induction occurred with 20 millimolar nitrate and within 2 hours. Both NR and NiR mRNA were transiently induced with levels decreasing after the 2 hours despite the continued presence of nitrate in the medium. Neither ammonia nor chlorate prevented the induction of NR. Furthermore, removal of nitrate, followed by its readdition 22 to 48 hours later, did not result in reinduction of activity or message. NR was synthesized de novo, since cycloheximide completely blocked its induction. Cycloheximide had no effect on the induction of NiR mRNA or on the transient nature of its induction. These results are similar to those reported previously for maize seedlings.
Nitrate is the major form of nitrogen most available for assimilation by higher plants growing under normal field conditions (9) . A putative nitrate transport protein facilitating the uptake of nitrate is the initial step allowing plants to assimilate nitrate. The assimilatory pathway consists of NR,2 a cytoplasmic enzyme, which converts the nitrate to nitrite; NiR, localized in the plastid, which then reduces the nitrite to ammonia; and glutamine synthetase, which catalyzes the conversion of glutamate to glutamine by incorporating free ammonia (6) . The assimilation of nitrate is energetically expensive, and the expression of the proteins in the pathway is highly regulated. This regulation involves a complex set of physiological signals with light, environmental stresses, and plant growth regulators all affecting expression of the pathway (7, 13, 17, 24, 25) . However, the primary environmental signal regulating expression is the presence of nitrate (6) .
The regulation of the nitrogen assimilatory genes has been studied to the greatest extent in fungi, where mutants in both the structural and regulatory genes have been isolated (2) . In higher plants, nitrate induction of nitrate uptake and of the synthesis of both NR and NiR have been studied extensively (3, 6, 12, 13, 24) . The can make the analysis of its assimilation in whole plants hard to interpret.
An alternative system for studying the regulation of nitrogen assimilation is to utilize cell suspension cultures or algal systems. A single nondifferentiated cell type can be analyzed without the complexities inherent in a whole plant system. The physiological relevance of such studies to the situation in whole plants remains to be determined. Zielke and Filner (27) monitored the synthesis and turnover of NR in tobacco cell lines following transfer to nitrate-containing medium. By monitoring the change in buoyant density of '5N-labeled proteins and incorporation of tritiated amino acids into newly synthesized proteins, they showed that nitrate induced de novo synthesis and turnover of NR. Nelson et al. (22) (28) found that, after subculturing into nitrate-containing medium, three separate peaks of NR enzyme activity appeared as the cultures aged.
Algal systems such as Chlorella differ from the higher plants and cell cultures in that: (a) activation of an inactive NR precursor has been reported (5); (b) ammonia represses NR induction (5) whereas it enhances induction in rose suspension cultures (19) 
NR Extraction and Assay
Extraction of nitrate reductase was done using aliquots (10 mL) of cells that had been treated as indicated for each experiment. The cells were pelleted at 500g, washed with extraction buffer (100 mM KPi, pH 7.5, 1 mM EDTA, 1 mM dithiothreitol), repelleted, and quick-frozen in dry ice/ ethanol. Samples were stored at -2O°C until extracted. Extraction for NR activity was by physically grinding the frozen tissue using Kontes Eppendorf pestles followed by centrifugation for 10 min at 14,000g in a microcentrifuge. Aliquots of the supernatant fraction were then assayed for NR by the procedure of Nakagawa et al. (21) , in which each 1-mL reaction mix contained (final concentration) 5 mM KNO3, 100 mm KPi, 100 lM NADH. Assays were initiated by addition of NADH and were carried out for 30 min at 30°C. Assays were terminated by addition of 0.5 mM K3Fe(CN)6. After 5 min, nitrite concentration was determined colorimetrically by comparison to a nitrite standard curve following the addition of 1 ml each of 1% sulfanilamide in 3 M HCI and 0.2% N-( l-naphthyl)-ethylenediamine hydrochloride.
Protein was determined using the Bio-Rad Coomassie blue procedure of Bradford (4).
mRNA Extraction and Northern Analysis
Aliquots (10-20 mL) ofcells were removed, pelleted, quickfrozen in dry ice/ethanol, and stored at -20°C. The tissue (1 g) was suspended in 3 mL of extraction buffer (50 mM Tris-HCI, pH 8.0, 4% sodium para-aminosalicylate, 1% sodium 1,5-napthalenedisulfonate) and 3 mL of buffer-saturated phenol. The mixture was homogenized with a Brinkmann Polytron for 1 min and then shaken for 20 min at 300 rpm. After the addition of 2 mL of chloroform, the mixture was shaken for an additional 10 min prior to centrifugation at 7000 rpm in an SS34 rotor (Sorvall). The aqueous phase was reextracted with 2 mL ofchloroform and made 2 M with LiCl. After overnight precipitation at 4°C, the RNA was sedimented in a SW 50.1 rotor (Beckman) at 25 K for 2 h. The RNA was resuspended in 1% SDS, 5 mM EDTA, 20 mM NaOAc, 40 mM Tris-HCl, pH 7.5, and precipitated with EtOH. The resulting pellet was resuspended in distilled H20, reprecipitated with ethanol, finally redissolved in distilled H20, and stored at -80°C.
For RNA blot hybridization, 10 ,g of the LiCl precipitate (from above) was subjected to electrophoresis through a 1.2% agarose, 2.2 M formaldehyde gel, and the RNA was blotted onto nitrocellulose. The probe used for the hybridization was an NiR cDNA insert from the plasmid pCIB801 (15) . Equal amounts of RNA were loaded on each lane as confirmed by reprobing the blot with a portion of a maize alcohol dehydrogenase cDNA clone (a gift ofJeff Bennetzen, data not shown). Alcohol dehydrogenase is expressed constitutively in BMS cells (26) . Densitometric scanning (Zeineh soft laser scanning densitometer model SL-504-XL) of autoradiographs from several different exposures of the same blot allowed quantification of the levels of mRNA induced by nitrate.
Cycloheximide and NADH were obtained from Sigma.
RESULTS

Induction of NR by Nitrate
The nitrate concentration dependence of the induction of nitrate reductase in BMS is shown in Figure 1 . A logarithmically growing BMS culture, maintained on 20 mM ammonia, was divided into aliquots to which varying amounts of 0.5 M KNO3 were added to give the indicated concentrations. After 2 h, the cells were pelleted, washed, and quick-frozen. They were then extracted and assayed for NR activity as described (10) . In BMS suspension cultures, chlorate did not induce NR activity (data not shown). It did, however, decrease the effectiveness of nitrate induction of NR at low levels of nitrate (Fig. 1) .
The time course of NR induction by 20 mm nitrate was monitored in logarithmically growing BMS cultures. Aliquots (10 mL) were removed at intervals and analyzed for NR activity. The results shown in Figure 2 indicate a 200-fold induction of NR peaking at 2 h after addition of nitrate, followed by a sharp decline. The activity returned to its original level within 24 h, whereas nitrate in the medium remained essentially unchanged (as measured by a nitrate electrode). The decrease in NR activity after 2 h indicates that additional modes of regulation other than induction in the presence of nitrate are important. In cells from the same cultures using standard procedures (16), we were not able to measure NiR activity. The presence or absence of ammonia had no effect on the transient nature of NR induction.
To test the transient nature of the NR induction, nitrate was removed at the peak of activity as described in Materials and Methods. As before, this experiment involved the addition of nitrate at time zero to a logarithmically growing BMS culture. The nitrate was removed at 2 h, and the cells were washed and resuspended in fresh medium. Aliquots were removed at various times, and NR activity was determined. Nitrate removal at 2 h did not prevent the loss of NR activity ( Figs. 2A and 3A) . Furthermore, when 20 mm nitrate is added at 24 h, there is little reinduction of NR activity ( Figure 3A ). These results have two possible explanations: (a) whatever is limiting the NR activity is not replenished 24 h after the initial nitrate induction, or (b) whatever is inhibiting NR induction is not destroyed within 24 h after the initial nitrate induction.
Protein Synthesis Inhibitor Effects
Protein synthesis inhibitors were utilized to examine further the transient nature of the induction of NR activity. Cycloheximide, at 10 jig/mL, added simultaneously with 20 mM nitrate, essentially blocked the induction ofNR (Fig. 4) . When cycloheximide (5 ,ug/mL) was added 1 h after the addition of nitrate, NR activity began to decline immediately and never reached the 2-h peak value of the minus cycloheximide control (Fig. 5) . These results indicate that the increase in activity was due to de novo synthesis rather than activation of an inactive precursor.
Induction of NiR mRNA by Nitrate
We lacked an effective probe for the NR message but had available a maize NiR cDNA clone (15) . Furthermore, similar experiments had been done using maize seedlings monitoring NiR mRNA, and transient induction was observed (14) . Therefore, to monitor the effects of nitrate at the transcriptional level in BMS cell suspensions, the kinetics of induction of the message for NiR was monitored concurrently with NR activity even though these two may be unrelated. During the study of the time course of induction of NR activity ( Fig. 2A) , aliquots were removed for NiR mRNA analysis by Northern blots, using a maize NiR cDNA clone as the probe (15 pattern of induction of NiR mRNA is quite similar to the NR activity induction profile. The message peaks in intensity at 2 h (Fig. 2B) . Densitometric scanning of the film indicated an approximate 100-fold increase in NiR message level ( Fig.  2A) . The message decreased after this 2-h time point and returned to the level seen at zero time by 24 h. Samples from the reinduction experiment (Fig. 3A) were also analyzed for NiR rnRNA induction. As was seen for the NR activity, there was no reinduction of the NiR mRNA when nitrate was removed and then added again after 24 h (Fig. 3B) . The half-life of the message in the absence of nitrate appears to be shorter than that of the NR activity because by 5 h no message was seen. Thus, whereas the half-life of the NR activity was not dependent on the continued presence of nitrate in the medium, that ofthe NiR message was dependent on nitrate (compare Figs. 2, A and B with Figs. 3, A and B) . These results indicate that the lack of reinduction for NiR is at the transcriptional level. The sharp decrease in NR activity may reflect turnover of the enzyme without resynthesis, but whether a transcriptional event is occurring for NR as well cannot be concluded until a probe for NR mRNA is available.
Further evidence for transcriptional regulation of NiR expression comes from the results shown in Figure 6 . In this experiment, a BMS culture was treated with 5 ,ug/mL cycloheximide simultaneously with nitrate addition and analyzed for NiR mRNA. Unlike the dramatic effect cycloheximide had on the induction of NR activity (Fig. 5) , it had no effect on NiR mRNA levels, indicating that no cycloheximidesensitive step (i.e. protein synthesis) is necessary for induction of transcription of NiR. In addition, protein synthesis is not required for turnover of the mRNA. If a regulatory protein is involved in induction it is relatively long-lived and synthesized constitutively. Furthermore, the protein necessary for message turnover is not newly synthesized.
Plant Physiol. Vol. 90, 1989 DISCUSSION Nitrate reductase activity in logarithmically growing BMS suspension cultures was induced 100-fold to 200-fold after the addition of 20 mm nitrate. The mRNA for NiR was induced approximately 100-fold by the same treatment and followed the same pattern in that both levels peaked 2 h after the addition of nitrate and decreased thereafter. The transient nature of this induction, although quite similar to that reported for roots of maize seedlings treated with 20 mm nitrate (14) , is in contrast to that found in soybean (8) , spinach (18) , or morning glory (28) cell suspensions. The age of our BMS cultures affects the degree of induction but not the transient nature of the phenomenon (data not shown).
The removal of nitrate from the culture medium after 2 h of incubation followed by its readdition 22 h later did not result in the reinduction of NR activity or NiR mRNA. In maize seedlings, reinduction was found to occur after 48 h (14) , whereas in the BMS cells, reinduction did not occur even 72 h after the initial addition of the nitrate. There are several possible explanations for the rapid decrease in NR activity followed by the insensitivity to the reintroduction of nitrate: (a) specific proteases and/or RNases could be nitrateinduced that are longer lived than either the mRNA or the NR protein; (b) a long-lived, constitutive induction-mediating protein might be decreased in concentration through degradation or modification (perhaps by binding nitrate); (c) an additional regulatory protein may be repressing the synthesis or translation ofadditional mRNA; or (d) nitrate that remains within the cells continues to exert some sort of substrate inhibition.
To explore the first three possibilities, we studied the effects ofthe protein synthesis inhibitor cycloheximide on the induction of both NR activity and NiR mRNA. Cycloheximide was effective at preventing the nitrate-mediated induction of NR activity when added simultaneously with or prior to the nitrate. The apparent de novo synthesis of NR is in good agreement with the results ofZielke and Filner (27) The end product of the nitrate assimilation pathway is ammonia. The induction of NR activity or NiR mRNA by nitrate in these BMS suspension cultures was not prevented by the presence of ammonia, whereas Zink and Veliky (29) reported repression-like effects by ammonium in morning glory suspension cells. Ammonia has been reported not to affect induction in maize seedlings (14) , but it has been reported to be inhibitory in Chlorella (5) and fungi (1) .
Chlorate, which is an analog of nitrate useful in uptake analyses as well as a substrate for NR (10) (14) . Thus, Black Mexican Sweet maize suspension cultures appear to be a good model system to study the regulation of nitrate assimilation.
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